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Sieving equations and effective glomerular filtration pressure.
The curvilinear relationship between the sieving coefficients for
1251-PVP (fractional clearances/GFR) and the radii of hydro-
dynamically equivalent spheres has been studied in 15 normal
mongrel dogs. Starting from the formula used to describe
membrane permeability in terms of irreversible thermodynamics
(Kedem and Katchaisky), new equations have been developed
to account for the glomerular sieving of these molecules. The
new equations differ from the older equations based merely on
kinetics (Pappenheimer and Renkin, Landis and Pappenheimer)
by the values given to the concentration term and the restriction
factors used in calculating the contributions of bulk flow and
diffusion to solute flow across the membrane. The equations
allow the derivation of two parameters characterizing the
porosity of an isoporous membrane equivalent to the glomerular
sieve: r, the radius of cylindrical pores and A p/Ax, the total area
of the pores per unit of path length. From these, effective
glomerular filtration pressure (GFPe) has been calculated apply-
ing Poiseuille's law. A mean value of 14.5± 1.4 or 17.8± 2.1 mm
Hg has been derived, depending on the limits for molecular
radii within which the mean pore radius is calculated. Sieving
equations assuming a log normal distribution model are less
satisfactory for calculating GFPe than those based on the iso-
porous model, although they provide an excellent alignment of
the calculated and the experimental sieving curves over a wide
range of molecular sizes.
Equations de tamisage et pression de filtration glomérulaire
efficace. La relation qui lie le coefficient de tamisage de macro-
molecules telles que le '251-PVP (p= clearance urinaire des
fractions de PVP/volume filtré) a Ia taille des molecules a été
étudiée chez 15 chiens normaux. Partant des formules proposées
par Kedem et Katchalsky en application des lois thermodyna-
miques des processus irréversibles, de nouvelles equations ont
été formulées pour décrire le tamisage glomérulaire des mole-
cules de PVP. Les equations proposees ne different des equations
anciennement formulées par Pappenheimer et Renkin, Landis
et Pappenheimer que par Ia valeur donnée a la concentration
moyenne de PVP dans les pores et aux facteurs de freinage
utilisés dans le calcul du flux hydrodynamique et du flux de
diffusion au travers de la membrane. Les equations permettent
de calculer deux parametres qui caractérisent Ia porosité d'une
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membrane isopore comparable au filtre glomérulaire: r, le
rayon des pores supposes cylindriques et Ap/Ax, la surface totale
des pores par unite de longueur de leur trajet. A partir de r et
de Ap/Ax il est possible decalculer Ia pression efficace de filtration
glomerulaire (GFPe) en appliquant Ia loi de Poiseuille. GFPe
a chez le chien une valeur moyenne de 14.5±1.4 ou de 17.8±
2,1 mm Hg selon le mode de calcul de r. Les equations de
tamisage élaborées en supposant une distribution logarithmique
des rayons des pores sont moms satisfaisantes pour calculer
GFPe que celles basées sur un modèle isopore bien qu'elles
permettent un ajustement remarquable des courbes de tamisage
dans une large gamme de rayons moléculaires.
It is the purpose of this paper to 1) develop an equation
which accounts for the glomerular sieving of macromole-
cules starting from formulae used to describe membrane
permeability in terms of irreversible thermodynamics;
2) show that such a formula differs less than expected
from older equations of Pappenheimer and his associates
which postulate restricted filtration and diffusion through
pores across the membrane [31, 34, 3 5—37, 39, 40]; 3) cal-
culate the effective glomerular filtration pressure (GFPC)
by the introduction into Poiseuille's formula of the para-
meters which characterize the porosity of an equivalent
membrane (as calculated according to sieving equations
that are presently available). It will be shown that the
values derived for GFPe using the new sieving equations
are significantly lower than those obtained using the
Landis and Pappenheime equation (26, 27, 30).
The sieving equations derived by Pappenheimer and his
colleagues allow the calculation of r (the radius of cylin-
drical pores) or w (the half-width of slits if such a model
is preferred) and Ap/x (the total area of the pores per unit
of path length). Steric hindrance at the entrance of the
pores and viscous drag along their walls were said to
restrict filtration and diffusion of inert lipid insoluble
molecules. According to Pappenheimer, Renkin and Bor-
rero [36] the contribution of bulk flow to the transport of
solute is equal to:
(1)
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in which: A5 is restricted area freely available to molecules
"s" (cm2); A is the part of pores area freely available to
water molecules; C1 is the plasma concentration of solute
(moles/mi) and Qf is the volume of filtrate (cm3/sec).
The effect of diffusion [37] is calculated as:
D •(C1—C2)
where D is the free diffusion coefficient of solute in water
at 37°C (cm2/sec) and C2 is the solute concentration of the
ultrafiltrate.
By addition and rearrangement the sieving coefficient (p)
is obtained:
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In the original paper, the ratio predicting restricted dif-
fusion of spherical molecules through cylindrical pores
was expressed as:
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The difference takes into account laminar flow of solvent
(2) into the pore channels during ultrafiltration. Finally, Lan-
dis and Pappenheimer [31] related A5 to A instead of to
A in calculating the restriction to filtration of solute and
water molecules:
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where a, the molecular radius of water equals 1.5 A.
(4) In entering this relation (Eq. (7)) into Eqs. (3) and (4),Renkin [37] and Landis and Pappenheimer [31] used only
the restriction factor for bulk flow (A5 f/A p or A5 flAw)
even though part of the solute transport was considered to
take place by diffusion (Eq. (2)). If this is done, Eq. (4)
gives Awf/Ax rather than Ar/Ax. In point of fact, these
terms are closely similar in value:
Ar
—
Ar Ap 8Ax — Ap Ax
and as we will show subsequently, A f/Ap varies between
0.92 and 0.96 in the range of molecular and pore sizes
considered here.
Eqs. (3) and (4) have been used to express the permeability
characteristics of the glomerular membrane, using the
sieving data for proteins [28, 29], dextrans [33] and poly-
vinylpyrrolidone (PVP) [18, 26, 27, 30]. To avoid assuming
a linear concentration gradient in the membrane, the
(6) modifications of Winne [49] were applied. Mathematical
models considering either two pore classes with different
pore sizes [2, 3] or a log normal distribution of pore radii
[26, 30] have also been formulated in order to fit the ex-
perimental curves relating p to a5 over a wider range of
molecular sizes.
Recently, in light of developments in the field of non-
equilibrium thermodynamics, the theoretical basis for the
equivalent pore concept has been re-examined [9, 13, 2 1—23,
41]. The following equation relating flows and forces in
discontinuous systems was derived by Kedem and Kat-
chalsky [22] and has been applied to biological membranes
by Solomon [41]:
and for restricted ultrafiltration,
A5
A
and
(3)
(5)
in which a5 is the radius of a hydrodynamically equivalent
sphere (Stokes-Einstein equation). Later, the following
theoretical refinements were applied [37]:
For restricted diffusion,
= [_ --]XAp
[l_2.1o4() +2.09(e) _0.9S()]
1 The equation proposed to calculate AW/A x was erroneous in the
original papers [35, 40] and it was applied as such in our
older contributions [25, 29, 30].
AWQf p A 1Ax — D l—p A5
instead of
AWQf p As,, 1AXD 1—q A5p
Failure to recognize this error earlier probably reflects the
fact that the derived values for r and A/A5 did not change by
more than 4%.
J5=(1 —o) C5 J5+ o All5 (9)
where J5 is the solute flow (moles per unit time and area),
is some sort of a mean concentration in the pores (to be
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defined later), cr is Staverman's reflection coefficient of the o for a membrane is inversely proportional to its thickness,
membrane for molecules "s" [42], J, is volume flow Ax [21].
(volume per unit time and area), o, is solute permeability Finally, o, is also related to the distribution of solute'
at 0 volume flow: J,/Afl5 (J. = 0)' and A1l is the osmotic between a membrane and the exterior medium and to the
pressure developed in the system as a result of restricted overall friction of the solute with the water and with the
passage of the solute. This equation will be transformed in membrane [21]. To formulate these relationships, the re-
the first part of this study to apply to glomerular filtration.
The new sieving equations derived from Eq. (9) will be
compared with Eqs. (3) and (4). Others, obtained by
striction factor for diffusion is introduced in the(p
next equation:
changing either the concentration term or the restriction
factors in the Pappenheimer equations will also be con-
ASd Ap 1 1 (15)0)5 = Ap D, RTm
sidered. To facilitate comparison among equations, we
shall characterize them according to the formulations used
for the following three variables: 1) the solute concentra-
the dimension of o being in moles, dyne' and second.
It is possible to derive either from the Dainty and
tion used in calculating the contribution of bulk flow [C1 or Ginsburg formula [10] where
a value between C1 and C2], 2) the restriction factor used
for convective flow [A, flAw or other], 3) the restriction fac-
tor used for diffusion [A, flAw f in the formulation of Landis
0),V5 A,f
— 1 — Lp
— (16)
and Pappenheimer (Eq. (7)), ASdIAPinour own (calculated or from the Kedem and Katchalsky formula [23] where
from Eq. (6))]. The Landis and Pappenheimer formulation
is thus designated as [C L1.1' AWf ' Ar =1 — V5 — (17)Lp AWd
Derivation of sieving Equations
Solution derived from Eq. (9). To express Eq. (9) in
terms of renal physiology, J j,, , o, and (1 —)
have to be replaced by known parameters derived from
sieving measurements. In so doing, one must remember
that iv, J and w, have to be expressed per unit time and
area. Therefore:
(10)
where Am is the total area of the membrane and Qf is the
glomerular filtration rate (GFR) per second.
Qf Qf (11)
C1 and C2, the plasma and glomerular filtrate concentra-
tions of solute (PVP), will be derived from the experi-
mental data. Am will disappear later in the calculations.
C,, by definition [21] is equal to:
in which V, (cm3/mole) is the partial molar volume of
solute and Lp the hydraulic conductivity of the membrane
(cm3, dyne1, sec1).
Af A
—--—
is calculated according to Eq. (7) while —- is ob-
wf AWd
tained using (see Eq. (6)):
a 2
x
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The difference between both formulae is obvious and is
surely not negligible. The ratio of A,f to A$d varies be-
tween 1 and 2 depending on the size of the molecules
considered (from a,  0 to a, = r) [411. Conversely, A
and AWd are almost identical in the range of pore sizes
considered (for r =57A, -f-t- = 1.05).
(12) Durbin [11] has found a satisfactory agreement between
experimental values for on artificial membranes and the
value (i— In these experiments
All, by definition is equal to: . \ Awi Lp
was negligible [10, 411. It will be shown, after calculation
A11s =RT(C1 — C2) = RTC1 (1 — (fi). (13) of ofor the glomerular equivalent membrane, that
0), the coefficient of solute permeability at 0 volume flow, is also negligible in our experimental condit ons despite
is related to D by the Planck-Einstein relationship: the high values for V, where macromolecules are concerned.
D, (ORT. (14) The term in Eqs. (16) and (17) will be calculated by
— cl—C2C,=
C2
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(19)
(21)
(24)
= jv(C2e_Jx/)_Ci)S (ev AX/D —1) (25)
(26)
(27)
(28)
(29)
(30)
flow for very small molecules (a =0) is calculated as:assigning the following value to L p
QfLp= APAm
in which AP is the effective glomerular filtration pressure
GFPe)
AP=P—Afl—Pt—aAfl5
where P is the intracapillary glomerular pressure, Afl is
the oncotic pressure difference between filtrand and filtrate,
P is the intratubular pressure, and aAfl is negligible on
account of the low concentration of PVP used to study
glomerular sieving.
Any choice between and remains uncertain.
Therefore Eqs. (16) or (17) will be introduced alternatively
in the sieving equations to be derived from Eq. (9). By sub-
stituting the values fo; co cnd Lp calculated from Eqs. (15)
and (19):
(O — ASd.DSVS.APApLp — ApRT.QfAx
This term is dimensionless. As --- will be demonstratedLp
to be negligible, only the simplified equations will be
developed. Substitution of Eqs. (lO)—(13), (15) and (16) in
Eq. (9) and further simplification yields Eq. (22) in which
C1 and Am are eliminated:
(22)
by defining ln p as 1, either or p may be derived:
Ap
—
Qf p 1 ASf + A5f 23Ax — D5 l—(p AWf(T) Ar(D(p '
Ap
ASd Ap A5f
— _______________As Ap A5
Ap -'S Ax AWfD
Eq. (24) differs from the formula of Pappenheimer and
his associates (Eq. (3)) in only two ways: 1) the use of
different restriction factors to calculate the contributions
to J5 of bulk flow and diffusion (-L and Asd) and 2) the
use of C instead of C1 to calculate the contribution of
hydrodynamic flow. The new sieving equation is therefore
characterized as , --Ar Ap
Sieving equation derived from the Hertzian equation. The
use of the term in the equation describing simultaneous
diffusive and convective flows has been criticized by Bresler
and Wendt [8, 9] who have shown that the C term is
incompatible with the Hertzian application of the con-
tinuity equation [181. According to these authors the solute
Katchalsky and Curran make it clear that the use of the
C5 term is only justified if C1 and C2 are of comparable
(20) value [21]. In fact, if --- is small (which we will show
to be true later in the discussion), one is allowed to
linearize Eq. (25) as a function of J, as proposed by Bres-
ler and Wendt:
—
C1+C2 D2 J+--(C1—C2)
per unit of pore area. For selective membranes (a >0) re-
striction factors should of course be introduced in both
terms of Eq. (26). If the term C1 + C2 is substituted for
C in Eq. (9), the sieving equation derived is:
I A ASdDS Ap
—
2Awf+Ap Qf Ax
A5, D5 Ap 1 A5
Ap Qf Ax 2AWf
and
Ap Qf (p 1
1
A5f (l+(p)Ax —
D5 l—(p A AWf 2(p
Ap
C1+C2 A AdEq. (28) may be characterized as , , —--—, —-—
wf P
Other sieving equations obtained by combining the three
characteristic parameters in different ways. The following
solutions have also been worked out:
[c1 _-i-, ---J. This differs from the Landis and Pappen-
heimer equation simply by the value given the restriction
factor used in calculating the diffusive flow:
ApQf ( 1 1 A5fAx — D5 I—p A Af(p
[C1, i which differ: from Eq. (29) only by
substitution of-- for in the term between brackets.
C5, ---—, —-— in which Eq. (17) is substituted for
wd P
Eq. (16) in calculating the contribution of convective flow
in the Katchaisky equation (Eq. (9))
= _. —--- 1— ASd +Ax D5 1—(p A AWd AWd
Ap
Sieving equations supposing a slit pore model. Pappen.
heimer and his colleagues [31, 36, 37] by applying Faxen's
studies [11], have deiived equations describing restriction
to diffusion and filtration in a system of infinitely long,
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parallel-walled slits of half-width, w. Only andAp AWf
have to be changed in Eqs. (3) and (4), (23) and (24), (27)
and (28)... to meet this hypothesis. For slits:
-= 1—- xAp w
\51
WJ \W) \wj j[1_1.oo4(--+o.418(-- —0.169(-—-) I,
3
(a
\2 1 fa\3]
l—-- --l +w/
3 (a\2 + I2 wJ Z-c\-WJ]
ía \ (a \3 (a
x l—l.004f----l+0.4I8I-----} —0.I69l-----\WJ
Ia \ 'a \3 ía \5
x F—l.oo4t--}+o.4I8(---1 —O.l69f--
To calculate AP from w and ---, Poiseuille'sequation (p =
has to be modified as shown by Bjerrum and Manegold [4].
For slits:
Qf=L.w2. (33)
N dr
f (r) d r = e 2 s .
The amount of water filtered through these pores according
to Poiseuille's law is:
1 iI,,r—a\
N]/Thr3Ke T)drdQf=
Ax.sV2
where K = (Eq. (34)). After integration the value for
N may be calculated in terms of Q f.
From this starting point, equations have been formulated
to calculate p, using the sieving terms utilized by Landis
and Pappenheimer [261. Similar equations have ben derived
b
Ir3A_e2\ S /Apa
/r3
---D ASfr2K
XI Ap sAp
]
dr
—
L. r2 K + Dr2K Ap Ap Ap
1
Xe 2\ S 1dr
and, if C1 is substituted for
b 1 (J)2 [ D5± Lr2.K 1Ap IJr_e IdrAp S Ir2K-1_ ASd I
a, [ Ap +-D51
b
Tr3Ae 2k S I •dr.;-
a
b I 'Ir—pL\2
fre2
aAp
— Qf
I (I,,r—Jt\Ir_e S I drAp
(31)
A
(36)
(32) using as characteristic parameters:
(Eq. (24)).
ASd
AWf' Ap
(37)
The equivalent expression for cylindrical pores is:
Qf_YL.r2. (34)
where 11 is the viscosity of the filtrate (close to that of water
at 37°C: 0.007 poises). and are easily calculated
Ap' Ap X
x
from and using Eq. (8).
Sieving equations supposing cylindrical pores and a log
normal distribution of pore radii. The several equations
formulated until now suppose that the membrane is iso-
porous. However, using Eqs. (3), (4) and (7) we have shown
that this model, though it yielded satisfactory agreement
between the calculated sieving curve and the experimental
PVP data within a limited range of molecular sizes (21 to
41 A), did not account for the relatively high sieving co-
efficients of larger molecules (r =41 to 79 A). Therefore
another model was considered. The Pappenheimer equa-
tions were transformed to calculate the parameters de-
scribing a log normal distribution of pore radii: jt, the
median, and s, the standard deviation. This model resulted
in improved alignment of the sieving curves (calculated
and experimental) within the whole range of molecular
sizes that were investigated.
According to previously described methods [26, 30, 44]
the following equations have been derived. Let N be the
number of cylindrical pores of all sizes. Supposing a log
normal distribution for r, the number of pores with a
radius between r and r + d r is:
(38)
In the denominator, the limits of integration a and b are
chosen to include the whole distribution of pore radii. In
the numerator, the lower limit has been increased to a,,
as pores whose radii are smaller than those of the molecules
do not contribute to p. In both cases:
(39)
a
The method used to obtain calculated sieving curves best
(35)
fitting the experimental data will be described in the next
part of this study.
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Methods
Material. The present study is based on the results ob-
tained on 15 mongrel dogs. The left kidney was exposed
under Nembutal® anesthesia and the ureter was catheter-
ized. Urine was collected for 60 minutes, the collection
period beginning a few minutes after the i.v. injection of
50 I3Ci of isotopically labelled PVP. A continuous infusion
of inulin and creatinine in isotonic saline was maintained
at 3.5 ml/min.
Gel filtration on Sephadex G200, as described by others
[15, 19, 201, allows the separation of 1251-PVP fractions
from urine and plasma (mean molecular radii varying be-
tween 15 and 79 A). The U/P ratio of equivalent fractions
decreased with increasing molecular size. It was equal to
the U/P ratio of inulin or creatinine (measured simultane-
ously) for mean molecular radii 19 A. The sieving coeff i-
U/P PVP fraction
cients, p, were calculated as . . since PVPU/P inulin
is not significantly reabsorbed by the tubules [24]. In
drawing the sieving curve, the values for <p were plotted on
the ordinates and the molecular radii were plotted on the
abscissae (Fig. 1).
The methodological problems involved in these meas-
urements have been discussed elsewhere [25].
Mode of calculation of the median (,) and the standard
deviation (s) of a log normal distribution of pore radii. The
calculated values for p21, <p33" p. in Eqs. (37) or (38)
were obtained by varying r between a5 and 196 A in the
numerator and between 11 and 196 A in the denominator;
was given increasing values between 2.8 and 4.2 by in-
crements of 0.02, while s was assigned values between 0.50
and 0.05 with an increment of 0.01. As a first approxima-
tion, K was assigned the value derived from the "isoporous
program". E was calculated for each pair of values for jt
and s within the following limits: a5 =21 to 79, 23 to 79 A
and so on until a5 35 to 79 A. Those values for ji and s
decreasing E to its minimum within each of these ranges
were retained to be compared later with the most satis-
factory solutions obtained when K had been given values
around K10. Those values for K which, in each range,
decreased the sum E to a minimum, are called K0<
/79 79 \
etc.). Using the Pappenheimer equation, it has
21 23
been shown that K0 varies according to the range of data
used in the calculation of E, K0< being much lower than
21
with a mean radius greater than 79 A do not normally
appear in the urine. The same calculations were repeated
for seven other pairs of data corresponding to a5 of 23 and
27 A, ... and 35 and 39 A.
Four mean values for r were calculated within the follow-
ing ranges: a5=21 to 39A; a5=23 to 39A; a=2l to
Ap35 A; as =23 to 35 A. For each of them, — values wereAx
calculated by introducing i and the sieving data in the
equations; was calculated for the same ranges as r.
Finally i and were introduced to obtain calculated
values for (p21, <p23... (p42. The calculated sieving curve
was drawn and compared with the experimental by cal-
culating the sum of difference E as:
41
—
2\' 'ç <Pcak <Pexp (40)
a,=21 /exp
- ApThose paired values for r and -i--— (among the four pairs
41 x
calculated) decreasing E to its minimum were retained
a=21
to calculate K =Ap/8 11 for an isoporous membrane (K50),
using Eq. (34). Finally, GFPe (equal to Ap) was conver-
ted from dynes, cm2 to mm Hg. Similar calculations
were made for a model of uniform slits (w =halfwidth),
for which K' Ap/3 11, using Eqs. (8) and (33).
Mode of calculation of r, and GFFC according to the
isoporous model. Paired values for <p, D and a (21 and
25 A) were introduced in the sieving equations used to
Ap/
solve for I or in order to eliminate this unknown.Ax\ AxJ
Increasing values (first by I A, then by 0.1 and finally by
0.01 A were given to r (or w) (between a5 and 120 A) to
bring the difference between both terms of the equation as
close to zero as possible. Fortunately, only one value for r
satisfies this condition within these limits; values higher
than 120 A did not have to be considered as PYP molecules
o 75 .—. Experimental
x x Calculated (cylindrical pores)
—-o Calculated (slits)
E=0.0150
0.50
o E=0.0558
0.25 - N
0 I I I I -
21 23 25 27 29 31 33 35 37 39 41
a5,A
Fig. I. Alignment of the calculated sieving curves to the experi-
mental data according to the isoporous model, supposing cylindrical
pores (x x x) or slit pores (ooo). Eq. (27) was used in these cal-
calutions.
2 Since in the sieving equation using (Eq. (23)), 1 could not
be isolated on the same side as <p, it was first calculated
from D= 1og <p exp. The calculated value for <p was substi-
tuted for in the logarithmic term and a new value for
<peal derived. Repetition of this procedure two or three
times resulted in values for which no longer varied signi-
ficantly.
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79 79 79
K0; but K0, and K01 were much closer together and also
23 23 25
closer to K10 [26]. The dependence of K0 on the limits of
E is due to the fact that the calculated 21 was always
significantly lower than the experimental p21.
As a rule, in the final choice of K0 from which GFPe
was derived, those values for higher than 0.65 where
discarded in calculating E and K0 was systematically
p<O.65
retained to be compared with K,0. The same procedure
has been applied in this study as the new sieving equations
do not assure a more satisfactory adjustment of 21
Theoretically, although the largest part of the sieving
curve is still utilized, it is questionable to assign an upper
limit to the sieving coefficients introduced in the calcula-
tion of t, s and GFPe. It seems, at first glance, that the
sieving equations are inadequate to account for the values
1. The reasons for this have been discussed previously
[26] and will be reconsidered later in the discussion.
Results
According to the isoporous model. The mean values and
A 41 41
standard errors for r, -i-—, K, B and GFPC calculated
using the eight models described earlier, are reported in
Table 1. To allow comparison with previously published
data, results obtained using the Landis and Pappenheimer
equation (Solution I) are also shown. Statistical analysis
of the paired results (Table 2) implies: 1) the isoporous
models, assuming slit pores, do not provide a satisfactory
alignment of the calculated sieving curve with the experi-
mental curve (Fig. 1). Indeed, E for the slits is twice as
high as that found for cylindrical pores (Table 1). This is
true for every value assigned to the concentration term.
As a consequence, this model should be discarded. 2) Solu-
41
tions II, IV and V provide the lowest values for E which
21
permit satisfactory alignment of the sieving curves (Fig. 1
Table 1. Glomerular membrane parameters: Isoporous model
Solution Terms used in
the sieving eq.
Cylindrical pores
r
A
Ap
—X106cmAx KXlO4sec1 GFPemmHg
41E
21
I) ASf ASfC1, A' A
(a)a
(b)
57.80
+ 1.5
—
52.05
1.35
2.600b
+0.6
—
4.532b
71.60
+7.2
—
66.16
30.0
+ 2.08
—
27.8
0.0345
+0.0049
—
0.0361
II) C --- ---1' Awr' Ap (b) 54.561.74 6.888 43.99 18.5 0.0318
III) C ----1' AWd' Ap (b) 54.321.41 7.424 39.28 16.51.56 0.0342
IV) C1+C2 A ASd2 ' AWf ' Ap (b)
56.03
1.86
6.676 42.50 17.8
1.73
0.0318
V) — ASfC,, A' Apwf (b)
56.66
2.07
6.830
0.974
42.01
4.50
17.6 0.0327
0.0058
VI) ---S' AWd' Ap (b)
56.14
1.80
7.148 37.75
3.24
16.8
1.36
0.0370
Solution Terms Slit pores
W Ap'Ax K' GFPe
41E
21
VII) C —-1' Awr' Ap (b)
37.86 2.315 270.86
33.5
42.9
5.33
0.0766
VIII) — ASf As,iC,, K' Apwf (b)
40.50
1.09
2.094 260.8 41.0 0.0665
a The results reported in Ia are those obtained in a previous series of 20 normal dog kidneys with a mean value for GFR (0.54 ml/sec)
lower than in the present study (0.67 mI/sec; N= 15) [26].
Ap Awb These values for are actually those calculated for according to Pappenheimer and Landis (Solution I). Indeed the restric-
Aw
tion term used for diffusion, from which the value for in Eq. (2) is derived, is related to A and not to Ap. To calculate K and
Af X ApGFPe using the other sieving equations has been substituted for in Poiseuille's equation.
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Type of 41
comparison E K(or GFPe) ? Ap
Cylindrical pores
a) the concentration term alone is different
V'-.'II 1.95 1.12 3.18
NS NS P<0.01
0.14
NS
IV'-.I1I 2.00 1.19 2.49
NS NS P<0.05
0.80
NS
II—'V 0.16 1.48 6.70
NS NS P<0.001
1.30
NS
IV'-'V 1.58 0.21 0.92
NS NS NS
0.33
NS
b) the restriction factors alone are different
V.—'VI 2.91 2.25 0.95
P<0.02 P<0.05 NS
0.83
NS
II—III 6.77 3.40 2.22
P<0.OOl P<0.Ol P<0.05
2.84
P<0.02
I-.'II 4.95 7.12 4.84
P<0.OOl P<0.OOl P<0.OOl
7.25
P<0,001
Slit pores
a) the concentration term only is different
VII'-.VIIl 1.66 0.92 1.98
NS NS NS
1.79
NS
a Indicated values are f or t and P.
and Table 1). The values for E are significantly higher
when the sieving coefficients are calculated according to
other formulae (Solutions I, III and VI). It is thus im-
possible to decide, on the basis of experimental evidence,
which solution (II, IV or V) is to be preferred. The solutions
differ only in the value of the concentration term
/ C1+C2 —\ .
2 , C, and they are similar in that different
restriction factors are introduced to calculate the contribu-
tion of bulk flow and diffusion 3) Substitu-\Ap/
tion of C1 for (II vs. V) provides significantly lower
values for ?. However, no significant difference appears
between the calculated values for K and GFPe. Re-
gardless of the compared parameters, Solution IV (C1 C2)
and V(,) provide negligibly different results. 4) Changing
the restriction factor used for bulk flow from to
AWf Ap(Solutions liv s. III, andY vs. VI), or changing the restric-
tion factor for diffusion, for ---, provided signifi-
AWf Ap
cantly different values for K and GFPe even if no signifi-
cant difference appeared between the values for r and Ax
It is clear from Table 1 that the Landis and Pappenheimer
formula leads to an overestimation of GFPe while both r
and are significantly lower than in any other solution.
Solution
79
K0
21
79
K0
23
79
K0
25
79
K0
27
K0
p<O.65
— A, ASdC,, <15.8 22.64.51 23.14.77 26.64.72 22.74.53
c A, ASd' A' Ap <15.2 20.33.98 23.04.75 29.15.34 20.64.01
According to a model assuming a log normal distribution
of pore radii. Two formulae have been used to calculate ji, s
and K0 which correspond to the solutions [c,,
and [C1, L' No attempt was made to calculate
wf P
the parameters of a log normal distribution according to
the slit pore model. As described previously, K01 varied
depending on the range of data included in the calculation
0.015
I I I I
Table 2. Statistical analysis of data in Table 1 a Table 3. Calculation of optimal K, Heteroporous model a
a Values for K01 x io according to the range of data in-
cluded in the calculation of E (means for 15 experiments).
79
0.010
0.005
0 10 20 30 40
Kx 104sec
Fig. 2. Relationship between the value given to K (abscissae) and
E (ordinates) in a typical experiment. The sieving equation
used in these calculations is Eq. (37) derived from the Kat-
chalsky formula (supposing a log normal distribution of pore
radii). Effect of narrowing the limits between which E is
calculated. Arrows indicate minimum B.
E
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79
of E (Table 3). As a mean, K0 was very close to
0<0.65 23It was not attempted to superimpose the calculated and
the experimental values for p2j. If decreasing K0 by
10 x 10 did not provide the minimum value for E, the
79
search for K0 was abandoned. Fig. 2 shows in a typical
21 79
experiment how E decreased continually without reaching
21
a minimum, even when K was decreased to a value as low
as 7 x l0 sec1 (GFPe <3mm Hg).
The means for K0 and the corresponding values for .t,
Ap <0.65i 2s, and GFPe are reported in Table 4. Both models
gave the same results: I) in some cases where Eq. (38) was
used, very high values for were derived; 2) high values
for corresponded to low values for K0; 3) the values
for K0 and GFPC were much lower when using the new
sieving equations than those derived from transformation
of the Landis and Pappenheimer equation (26); 4) the
values for calculated according to the heteroporous
model, are significantly lower than those for A signifi-
cant correlation exists between the results obtained using
both models (Fig. 3). To appreciate the similarity between
the heteroporous and the isoporous models, the values of
E have been calculated within the limits: a 21 to 41 A
in both cases (Table 5). No significant difference appeared
between the two models. Fig. 4 shows the alignment of the
calculated sieving curve with the experimental curve in a
typical experiment using Eq. 37 to calculate p. Both curves
are satisfactorily aligned for the whole range of investigated
molecular sizes.
Fig. 3. Correlation between the values for K0 calculated either
according to the isoporous or to the heteroporous model (r = 0.66;
P< 0.01).
Calculation of the parameters describing the permeability
of the equivalent glomerular membrane (Lp, o, q)
Calculation of Lp. The hydraulic conductivity of the
membrane is expressed by Eq. (19). According to Vim-
trup [46], the filtration rate per glomerulus in the dog is
0.85 x 10 mI/sec. and the number of glomeruli per g of
kidney is approximately 13,700. GFR, in our experiments,
is 0.67 mI/sec/kidney while the mean weight of the experi-
mental kidney was 55.3 g. Extrapolating, the number of
glomeruli per kidney should range between 757,600 and
788,200. The filtration area per glomerulus has been esti-
mated to be between 0.38 and 0.75 x 102 cm2, from which
Table 4. Glomerular membrane parameters, Heteroporous model
Solution
Values given to the
sieving and the
concentration
terms
Qf
mi/sec
1'
A
i 2S
A
it+ 2S
A
Ap
— x 10Dx
cm
l0
<065
sec1
GFPe
mm Hg
E
p<O.65
J)a Af ASfC1, -f---wf' AWf
N=20
0.539 44.8 29.3 69.2 7.598° 64.5 27.11 0.0112
II)b A
—f---wf Ap
N=15
0.670 28.8 18.3 51.33 174.810 20.6 8.6 0.0206
1II)b Af A,c,,
-----wf Ap
N=15
0.670 29.9 18.9 55.6 45.944 22.7 9.5 0.0215
a Solution I refers to the group of 20 normal dog kidneys previously studied.
Solutions II and III to the 15 animals whose sieving curves are analysed in the present study (Table 2).
Aw. ApIn fact, — instead of —.ix
.
.
.
S
0
K0x io—
25 50 75
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TableS. Comparison of deviations, E,
isoporous vs. heteroporous models
41
.Solution E21
Isoporous Heteroporous
A1
Aw'
ASd
Ap
0.0327 0.0321
c1' ASfAWf'
ASd
Ap
0.0318 0.0294
we calculated a mean total area of 3,400 cm2 (Am).
Assuming the membrane is isoporous, GFPe is between
16.8 and 18 mm Hg; therefore Lp has a value of 0.84 x
10_8 ml sec1 dyne1 cm2, very close to the value of
0.86 x 10_8 suggested by Renkin and Gilmore [29].
Calculation of w• was calculated according to Eq. (15).
The path length of the pores was estimated as being 2,500 A,
a value slightly greater than the basement membrane thick-
ness3. Assuming a= 56.6 A, and R.T. 25 x lO dynes cm
mole1, was derived from Eq. (6). The values for o
are found in Table 6 for six PVP fractions of increasing
Morphological studies have shown that the sieving process
takes place at two levels of the glomerular wall: the basement
membrane and the slit membrane between the pedicels. The
true thickness of the latter in vivo may be difficult to assess
from embedded material [43].
molecular radii. Values for sucrose, raffinose and inulin
are included to allow comparison between the results
obtained for the glomerular equivalent membrane and
those reported on artificial membranes (cellophane or
Dupont wet Gel) [10, 11]. The higher values for o and L p
on the biological membrane are probably linked to its
thinness.
Calculation of o The values for were calculated from
Eq. (16). The values for V were calculated using 1.2 as
the mean value for Ppyp. The radii of molecular equivalent
spheres were measured by chromatography on Sephadex
G200 for pure PVP fractions of known molecular weights4.
The following linear relationship was established:
log MW=0.0168 a +3.663 (41)
Table 6 shows that the term never exhibits a valueLp
greater than 0.015 in the range of molecular sizes investi-
gated. Therefore was neglected in the calculation
of , and (1 —) may be considered as equal to As
a consequence, usage of the simplified Eqs. (23) and (24)
was justified. varies between 0.7 and 0.99 for the PVP
fractions considered in this study.
We are grateful to Dr. Granath for having supplied us with
pure PVP fractions whose molecular weights had been calcu-
lated from optical measurements [14]. We are also grateful
to Mr. Vincentelli for having measured their partial molar
volumes by pycnometry of aqueous solutions.
Fig. 4. Alignment of the calculated sievtng
curve to the experimental data supposing a
log normal distribution of pore radii
(Eq. (37)).
.03 •—. experimental
x——x calculated
C2(7
0.75
0.5 -
0.25
.02
.01
a,, A
i_I I I I I I I I I
21 23 25 27 29 31 33 35 37 39 41 43 45 47
a,, A
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Table 6. Glomerular membrane permeability
0 1 2 3 4 5 6 7 8 9
oV Af
a5 D5537° Lp PM —---- —--—P wf
cm2 /sec mi/sec-dyne mole/dyne-sec
c
x iO'
21 14.98 X 1O 0.766 15.25 10350 0.0156 0.2160 0.768
25 12.59 X 1O 0.477 7.43 12100 0.0089 0.1322 0.859
PVP 31 10.15 x i0 0.212 0.84x 10—8 2.42 15250 0.0036 0.0571 0.939
35 8.99 x iO 0.123 1.13 17850 0.0020 0.0315 0.966
41 7.67 x iO 0.051 0.38 22500 0.00084 0.0130 0.986
45 6.99 x 1O 0.027 0.18 26250 0.00046 0.0069 0.993
Sucrosea 4.4 0.572x i0 -1.0 327.6 342 0.00830 0.866 0.125
Raffinosea 5.64 0.437x 10 —'1.0 225.8 594 0.0108 0.809 0.180
Inulin 17.5 0.18 x iO' —1.0 28.3 6000 0.0142 0.315 0.670
a The values for a5, D55 and PM for sucrose and raffinose are taken from Renkin [39].
b From the Amer. Inst. of Physics Handbook.
wV Af / A1 AdThe values for o, —-—-,
—--— and have been calculated according to the Katchalsky formula
-— —f—P wf \ wf P
Ap
r=56.6Aand—=6.830x106cmAx
Table 7. Contributions of bulk flow (A) and diffusion (B) to solute flux (J) in ultrafiltrationa
A B
a5(A) J5=p--Ci (1—r)--5 (oRT(1—(p)Ci A+B A±B A±B
21 15.08 1O 0.878 4.002 io 8.928 i0 12.93 10 0.309 0.857
25 9.39 iO— 0.706 1.961 lO 9.719 l0 11.68 iO 0.168 1.243
31 4.18 10 0.508 0.608 JO 4.761 i0 5.37 . i0 0.113 1.114
35 2.43• l0 0.419 0.276 i0 2.488 lO 2.76 iO 0.099 1.139
41 1.02 iO 0.320 0.087 iO 0.903 1O 0.99. iO 0.088 0.973
45 0.54 iO 0.270 0.039W i0 Q.437 iO 0,476 iO 0.082 0.878
M= 1.03
0.15
C1=1.0.
Finally, Fig. 5 compares the relationship between s and and 4) the reasons justifying the limitation of the values for
for the glomerular membrane, cellophane and Dupont p employed in the calculation of E.
Sieving factors. Since is not dependent on Poiseuillewet Gel membranes [10, 211. The rejection characteristics Ap
of the glomerular equivalent membrane appear slightly flow, it stands to reason that should be preferred toApgreater than those of artificial membranes for equal for the diffusive contribution to J. Moreover, a better
values of -s-. A1
r alignment of the calculated sieving curve to the experi-
mental data is obtained. Assuming that the membrane is
Discussion isoporous, the Pappenheimer and Landis formula, which
uses for both diffusive and convective fluxes, under-
The discussion will concentrate on four points: 1) the
choice of the sieving factors used to calculate the contribu- estimates r by 5 %, by 28 % and overestimates K andAx
tions of convective and diffusive flows to J5; 2) the choice GFPe by about 50%. It would be easy to demonstrate that
of the concentration term used to calculate the fraction of two factors contribute to these discrepancies. In the factor
J contributed by bulk flow; 3) the choice between the A51
isoporous and the heteroporous models to calculate GFPC changing the numerator to A d results in the restric-
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Fig. 6. Concentration terms used in the calculation of the con-
/_ C1+C\ atribution of convective flow (C or 2 ) as afunction of—.
Concentration term. Fig. 6 shows how the concentrations
C2, and C1±C2 vary with the value of when ex-
pressed as percentages of C1. The difference between C5
Cl+C2.and 2 is negligible as long as a5 is less than 35 A.
The contributions of bulk flow (A) and diffusion (B) to J5
have been calculated in Table 7 according to the Kat-
chaisky equation (Eq. (9)). Filtration represents 30% of
J5 for a5 =21 A and only 8% for a5 =45 A. The sum
A + B is close to the value calculated for J5 using:
J5=---sC1 for C1=l.
A± B
remains near unity and illustrates the degree of
alignment of the mean calculated curve to the mean ex-
perimental data.
Bresler and Wendt have criticized the use of the C5 term
[7, 8]. On the basis of theoretical evidence, two restrictive
assumptions are necessary so that the Onsager reciprocity
relations can be legitimately applied: 1) the volume flow
J has to be small and 2) the concentration ratio near unity.
To calculate J, Bresler and Wendt have suggested the
use of Eq. (25) as derived from a study by Hertz of the
diffusion flow of a gaseous mixture in a flowing stream [17].
Eq. (25) only applies to a solute for which a 0. For a >0,
.._. 4'
.'_ ,,/ // — 0.8
. I,
•/ /7/ /1 —0.6I 'SI /
— 0.4
>1!I I
I .' —0.2
.1 1II II I II a SI I S
/Gl. ICe!. : W.G.II I'I II SI 5I 1
—0!I:I pI
/S'
I
I
/
I
I
I I I ir
0.1 0.2 0.4 0.6 0.8 1
a/r
Fig. 5. Relationship between the values calculated for a and2
(radii of hydrodynamically equivalent spheres as compared to
pore radii). Gi: glomerular membrane; Cel: visking tubing, and
W.G.: Dupont wet gel cellulose.
tion being related to pure diffusion; changing the denomi-
nator from AWf to Ap results in only a minor change,
but one which allows the calculation of the total surface
area per unit of path length instead of
0.25 0.50 0.75
a/r
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J and D' have to be substituted for J and D in Eq. (25)
such that:
and
J= Jv
AD'= —-'D.Ap
Introducing the value for C2 derived from our experiments
for a between 21 and 45 A and assuming C1 =1; J has
been calculated per sq. cm of pore area (Ap =170.7 cm2
if ix=2.5 x lO cm). The values obtained for J. (Table 8)
are close to those derived from the Katchalsky equation
(A + B from Table 7)4. We have derived [45] the equation
allowing the calculation of (the mean concentration in
the pore path for any of the molecular equivalent radii
between 21 and 45 A) from the Hertzian equation. Its
value is calculated as:
—, D'(C1—C,) (C2e_JxII)'_C1)C,—— JAx + (e/D'_l)
The values for C (for C1 = 1) differ from the C, term
but are very close to the arithmetical mean C1 C2 (Table 8).
Therefore in the particular case here considered (-- vary-
ing between 1 and 0.01), the linearized equation in J,,
using C1 C2 as the concentration term was considered
as giving more correct results than the Katchalsky equa-
tion. The difference however are small enough to be con-
sidered negligible from a physiological point of view.
The reason for discarding the sieving equations using C1
as the concentration term is more significant. El C1 (in-
stead of ,) had been introduced to calculate A in Table 7,
the contribution of convective flow would have represented
an approximately constant percentage of J, in spite of the
Table 8. Alternative calculations of solute fluxes (J,)
and mean concentrations (C,)
a,
(A)
J moles, sec'1, cm2
of pores area
[for C1 = I mole]
Concentration term
[for C1 = 1 mole]
Eq. (6) Eq. (25) C C1+C2
Katchalsky Hertz Katchalsky Hertz 2
21 2.574' iO 2.528 l0 0.878 0.885 0.882
25 2.325' 1O 2.322' l0— 0.706 0.744 0.738
31 1,06910— 1.085' iO 0.508 0.618 0.606
35 0.550. l0- 0.566. i0- 0.419 0.578 0.562
41 0.197' l0— 0.208' iO 0.320 0,547 0.526
45 0.0948. l0— 0.102' 10 0,271 0.538 0.514
' However, in Table 8, the values A+ B have been multiplied
3400
by in order to express J, and J per cm2 of pore area
instead of per cm2 of membrane.
(42)
fact that a, would have increased from 21 to 45 A. This is
surely not correct; one of the fundamental concepts of the
pore theory holds that diffusion becomes progressively
more important than ultrafiltration as solutes of increasing
molecular size are transported.
(43) The choice between the iso- and the heteroporous model.
The heteroporous model was formulated to account for
the tail of the sieving curve. Indeed the log normal distribu-
tion model accounts remarkably well for the sieving curve
even in the range of the largest molecular sizes. However
the isoporous model seems to be more reliable in calculating
GFPC for the following reason: Eqs. (37) and (38) oblige
simultaneous computation of the values for K, ji and s and
results in significantly lower values for GFPe (9.5± 1.9
and 8.65 1.7 mm Hg instead of 17.6 and 18, respectively).
The difference would have been much more striking if the
range of data used to calculate E had not been limited to
( values lower than 0.65. This choice appears arbitrary
(44) but represents a compromise between two contradictory
conditions: a) to make the calculated curve align best with
21 and (in doing so K01 decreases to very low values
while increases incredibly) or b) to obtain more
reliable values for K and by narrowing the span of
data included in the calculation of E. Arturson [2]
emphasized the necessity of including the whole of the
sieving data in the comparison between calculated and
experimental values for p, but he completely neglected the
calculation of -p-. The very low values they derived for
X ApGFPe (less than 2 mm Hg) lead to an estimation of so
high that Ap would become almost equal to Am. To
Apfurther discuss the strict relationship between r, and
GFPe, we shall return to the isoporous model which can
be handled more easily.
Reasons to limit the range of p values included in the
calculation of GFPe As limits in the calculation of E, we
have chosen a,=21 to 41 A. The question arises why did
we not include a, = 19 A, a key value on which the value
derived for GFPC may strongly depend (19 =0.886 in our
experiments). Fig. 7 illustrates how r varies as different
paired values for q are introduced in the sieving equations
used to solve for (c119 and (p23, ... p3 and 41); r in-
creases progressively when calculated from a, between 19
aiid 29 A, and reaches a plateau for a, between 29 and
41 A. The values, also shown in Fig. 7, vary inversely
with r; increases rapidly, especially as a, decreases
from 23 to 19 A. The values for are calculated from i,Ax
but how is i itself calculated. Until recently we considered
that the relationship between a, and r was the demonstra-
tion of the heteroporosity of the membrane. The observa-
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27 29
a,
23 25
Fig. 7. Relationshzp between the calculated values for r, r and
19 21
so on and molecular radii, assuming the membrane isoporous
Ap(crosses) the same relationship for and a, (dots).
tion of a plateau, more clearly apparent in the present
study, forces consideration of, namely that the model is
no longer reliable for molecular sizes corresponding to( 1. According to the latter hypothesis ? should be
calculated only from the plateau of the relationship. If the
first hypothesis is correct,? should be calculated using
as well as the other values between 19 and 41 A. Our choice
was a compromise between the two possibilities which do
not exclude each other. It was based on the observation
that --i?- (or --i) could not be reasonably derived if values
for -ti?- corresponding to molecular radii lower than
Limits
between
which r is
calculated
r
A
A,,,.
x 10—6 cm
GFPe
mm Hg
41
EE
p19 to 53.40 8.401 14.5 0.0494
p21 to p 56.03 6.265 17.8 0.0493
29 top 62.66 4.258 39.2 0.1435
41
which the most satisfactory value for r is found: E =
19
0.0493 and 0.0494. The results confirm the validity of the
isoporous model for the calculation of GFPC, but they do
not allow us to consider that one of the solutions for
GFPC is more valid than the other. When? is derived from
41
its plateau level, E is much larger than in the other
19
models (0.1435 as compared to 0.0493). This hypothesis
is completely in- compatible with the experimental data,
assuming the membrane is isoporous.
At present, we are unable to explain the reason for the
abrupt increase in in the range of small molecular
sizes. However, experimental studies on artificial mem-
branes have confirmed the validity of the sieving equations
and of the restriction factors for molecules much smaller
than those considered in this study [10, 37]. Taking into
account the much more complicated morphological struc-
ture of the glomerular sieve, the possibility exists that the
model does not apply to molecules for which p 1. For
instance, one should remember that the access to the basal
membrane is restricted to the endothelial fenestrae as de-
monstrated Venkatachalam, Cotran and Karnowski [43]
who used peroxydases and catalase to illustrate how macro-
molecules penetrate the basement membrane facing the
fenestrae. Is it not possible that the small molecules, dif-
fusing more rapidly, spread wider in the membrane than
do larger molecules so that could be increased?
Returning now to the heteroporous model, we believe
that claiming a rigorous alignment of the calculated sieving
curve to ( values 1, while neglecting some evident over-
simplifications of the model, makes this model useless to
the physiologist, resulting in values for GFPe contradictory
to those obtained using a more direct approach [1,6, 12, 16].
The isoporous model is much safer in this respect. It will
be left to the physiologist to decide, on the basis of experi-
mental control, if the entire concept of molecular sieving
is useful in the derivation of GFPe. Our answer to this
question would be affirmative, at least insofar as the effects
Table 9. Influence of lower limit of p used
on calculated glomerular parameters2cmx l0_6Ax
130 [—
• (Inulin)
125 F
l2oJj
40
35
30
25
20
15
10
5
r
A
80
60
40
20
17 19 2! 23 25
I I I I I I I I I P I I
31 33 35 37 39
a, =21 A, were included in its calculation.
To meet any possible objections to our choice, we have
calculated the values for i, using values derived from both
23
the first and the second hypothesis. In the first, r is con-
19
41
sidered in the search for the value of r, decreasing E as
19
low as possible; in the second, i is calculated at the plateau
level (a, =31 to 39 A). The first solution decreases ? from
56.03± 1.86 to 53.4±1.58 A (—4.7%), decreases GFPe
from 17.8±2.1 to l4.5±l.4mmHg (—19%), and in-
creases from 6.265+0.825 x 106 cm to 8.401 + 1.193Ax — —
x 106cm (+ 34%) (Table 9). These differences are statisti-
41
cally significant; however, no significant decrease of F
19
is produced by introducing p in the range of data within
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of aortic clamping or the infusion of vasoactive drugs on
the calculated value for GFPe are concerned.
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